Purpose: To study the structural changes in the choroid using swept-source (SS) optical coherence tomography (OCT), a tool for the choroidal vascularity index (CVI) following epiretinal membrane removal. Methods: Fifty-two eyes of 26 patients were evaluated in this prospective, singlecentre, observational study. Twenty-six eyes underwent vitrectomy for epiretinal membrane removal (VT-group), and the control group consisted of 26 corresponding fellow eyes (F-group). All patients were evaluated at baseline, 30 and 90 days postsurgery. Using a modified image binarization algorithm for SS-OCT scans, the subfoveal choroidal area was segmented into the luminal and stromal areas, and the CVI was measured by calculating the proportion of the luminal area (LA) to the cross-sectional choroid area. Results: The mean CVI in the VT-group was 63.86 AE 4.04% at the baseline, 62.45 AE 4.21% at 30 days postsurgery and 61.06 AE 3.79% at 90 days (p < 0.001). The F-group had a mean CVI of 61.12 AE 2.29% at the baseline, 60.91 AE 2.25% at 30 days postsurgery and 61.05 AE 2.28% at 90 days (p = 0.29). Conclusion: The CVI decreases following epiretinal membrane removal when compared to the fellow eyes, which suggests structural changes in the vascular layers of the choroid. The implication of these results may be that secondary inflammation resulting from mechanical traction induces choroidal thickness by way of increased vascularization of the choroid.
Introduction
The choroid, the layer between the outer border of the retinal pigment epithelium and the inner border of the sclera, is the middle vascular layer of the eye and consists of blood vessels surrounded by a layer of stromal (interstitial) tissue. It supplies the retina with oxygen and nutrients and is believed to be the only source of nourishment to the foveal avascular zone (Delaey & Van De Voorde 2000; Nickla & Wallman 2010; Tan et al. 2016a) . Its level of vascularization has been implicated in the pathogenesis of a large number of posterior segment diseases of the eye, such as age-related macular degeneration, central serous chorioretinopathy, myopic macular degeneration and macular oedema (Grossniklaus & Green 2004; Gomi & Tano 2008; Fujiwara et al. 2009; Chung et al. 2011) . Measuring choroidal thickness (CT) with swept-source optical coherence tomography scans provides information regarding both the vascular and interstitial tissues. CT has been reported to be an indicator of ocular and systemic health and is considered to be an important parameter for investigating various choroid pathogeneses (Lindner et al. 2015; Tseng & Chen 2015; Kim et al. 2013; Wong et al. 2013; Ahn et al. 2014; Tan et al. 2016a,b; Wei et al. 2017) . Many studies have reported changes in the thickness of the choroid in various ocular and systemic diseases and have suggested that CT changes are associated with deviations in choroidal circulation and inflammation, further suggesting that CT may be a sign to assess choroidal blood flow and presence of disease. Nevertheless, a certain disparity in CT measurements exists among the various clinical studies (Hirose et al. 2008; Saito et al. 2014; Hashimoto et al. 2015) .
Moreover, there are numerous biological variables, such as axial length, refractive error, intraocular pressure, diurnal variation and systolic blood pressure, which can potentially affect choroidal thickness in different individuals. Whether an increase in choroidal thickness is due to an increase in vasculature, stromal tissue or both, the consequent need to explore the use of a more robust and stable marker for the assessment of choroidal health is clear (Tan et al. 2012; Lee et al. 2014) .
The application of image binarization for scans to study choroidal structures and their changes over time in different disease models have been evolving over the past three years. Using a modified approach, a new parameter called the Choroidal Vascularity Index (CVI), which calculates the proportion of the luminal area (LA) to the cross-sectional choroid area, has been described in the literature (Tan & Agrawal 2015; Agrawal et al. 2016a ). The percentage change in the CVI could be used as an individualized follow-up tool and a more stable and consistent biomarker of disease progression. Changes in choroidal thickness following vitrectomy have previously been investigated in eyes with an epiretinal membrane (ERM) using SS-OCT (Michalewska et al. 2015a; Michalewska et al. 2016) . Choriocapillaris layer imaging with sweptsource optical coherence tomography angiography (SS-OCTA) in eyes with a macular hole (MH) has recently been investigated, suggesting that variation in choriocapillaris layer flow is involved in the pathogenesis of this vitreomacular interface disease (Ahn et al. 2018) .
However, the role of the choroid in ERM pathogenesis has been debated and the structural changes in the choroid of patients with ERM have not yet been explained.
In this prospective study, we have aimed to evaluate the choroidal structural changes in patients affected by ERM and fellow eyes by measuring the baseline and postoperative CVI using a semi-automated image binarization algorithm for swept-source SS-OCT.
Materials and Methods
The study was carried out in accordance with the current version of the Declaration of Helsinki (52nd WMA General Assembly, Edinburgh, Scotland, October 2000). It was conducted in agreement with the guidelines of the International Conference on Harmonization on Good Clinical Practice.
Institutional Review Board/Ethics Committee approval was obtained: OSS. 16173. All subjects involved in this study were consecutively and prospectively recruited between April 2015 and February 2016, and all patients provided written informed consent after detailed explanation of the aims of the study.
The study sample consisted of 26 eyes of 26 Caucasian patients (F: M = 16:10) affected by vitreomacular disease at different stages. Sixteen eyes were affected by macular pucker, seven eyes by full-thickness macular hole, and the rest of the eyes were affected by lamellar macular hole. At each visit, vital signs (blood pressure, peripheral pulse and oxygenation) and ophthalmic examinations, intraocular pressure (IOP), best correct visual acuity (BCVA) and sub-foveal choroidal thickness (SFCT) which was examined using SS-OCT were assessed. The fellow eyes were evaluated as the control group.
The inclusion criteria were the presence of an epiretinal membrane and/or a macular hole (lamellar or full thickness) associated with anteroposterior traction, for which vitrectomy was recommended (Duker et al. 2013 ). The vitreomacular disorder had to be confirmed using OCT. Clear ocular dioptres were also required to obtain clear OCT scans and to avoid a phacovitrectomy surgical plan.
The exclusion criteria were any history of disease affecting the posterior segment of the studied eye such as diabetic retinopathy or maculopathy, history of retinal vein occlusions, ERM development secondary to retinal detachment surgery or retina photocoagulation, neovascular macular degeneration, the presence of cataract (nuclear, cortical or subcapsular) at any stage. We also excluded eyes with an axial length of more than 26 mm (optical measurement using IOL-Master 500; Carl Zeiss Meditec, Jena, Germany) or which had had any intraocular surgery within the 3 months prior to enrolment, cataract surgery in the preceding 6 months or any history of complicated cataract surgery. Patients who were on systemic medication for diabetes, hypertension or any other disease and eyes which had undergone YAG laser capsulotomy in the preceding 6 months were excluded as well.
Standard dilated ophthalmic examinations (visual acuity measurements, tonometry and fundus examination after dilation) of both eyes were performed at each visit using a slit-lamp and an indirect stereo-ophthalmoscope. A 1050-nm wavelength light source (swept-source) optical coherence tomography device (Topcon DRI OCT; Triton) was used, scanning at 100.000 A scans/second, and providing a very clear and defined visualization of the choroid layer. The OCT examination was carried out immediately after the visual acuity (VA) measurement and before dilation, as per protocol, to avoid vascular choroidal effects due to the dilating drops (Kara et al. 2014) . A single experienced technician, who was blinded to the identity of the subjects and was not involved in the data analysis, acquired all the images. A 12 9 9 mm high-resolution wide-field scan centred on the foveola was taken for each patient. In consideration of the effect of the circadian rhythm on choroidal thickness, we chose to perform the OCT assessment between 9 and 11 am for each patient, at each examination.
We analysed the SS-OCT images using the method described in our previous publications (Agrawal et al. 2016; Tan et al. 2016a,b) .
Briefly, an SS-OCT scan passing through the central foveal/subfoveal region was selected and used for analysis. Binarization of the choroidal area in the SS-OCT scan was performed using the public domain software, IMAGE J 1.51s (National Institutes of Health, Bethesda, MD, USA). The polygon tool was used to select the region of interest (ROI), where the upper boundary of the ROI was traced along the choroid-RPE junction and the lower boundary along the choroidal-scleral interface (CSI). Poor quality scans with a poorly demarcated CSI or insufficient resolution were excluded from the analysis. Application of an auto-threshold was performed after conversion was made to 8-bit images. Brightness was reduced to allow clear visualization of the choroidal vessels and to minimize noise. Image binarization or segmentation techniques can be used to convert grey scale images into binarized images. This facilitates tasks such as image layout analysis and image skew estimation. An appropriate image binarization technique, taking into account the uneven illumination, image contrast variation and poor image resolution, is essential to accurately apply a threshold to an image. Different image binarization or thresholding techniques such as Otsu's, Bernsen's and Niblack's auto-local thresholding techniques can be applied for the segmentation of images. Otsu's is a global thresholding technique, while Bernsen's is a local thresholding technique. After comparing the different image segmentation techniques, we decided to adopt Niblack's auto-local threshold technique. This is because it takes into consideration the mean and standard deviation of all the pixels in the region of interest. In addition, given that binarization could be influenced by the variation in the amount of melanin in the RPE in different eyes, and also affected by the direction of light and focusing issues, these were taken into account using a distinct binarization threshold for each individual subject.
Niblack's auto-local threshold tool was hence applied, to allow demarcation of the luminal or vascular area (LA) and the stromal or interstitial area (SA). The images were then converted back to an RGB (red, green, blue) image, and the luminal area was determined using the colour threshold tool. CVI, which is defined as the proportion of luminal area to the total choroidal area, was then computed for all images. A superimposed image of the binarized segment over the conventional SS-OCT scan represents the optically segmented choroid and its two components, that is the vascular and stromal areas. An example of the choroidal thickness assessment performed by this automated segmentation method analysis is presented in Fig. 1 .
We first investigated the differences among the CVI measurements (baseline, 30 and 90 days) following the vitrectomy, and then, the CVI between operated and not operated (fellow) eyes.
Statistical analysis
The statistical analyses were performed using Prism Ò Statistics (GRAPHPAD PRISM, version 6.00 for Windows, GraphPad Software, La Jolla, CA, USA). The variations in the CVI at baseline, 30 and 90 days were analysed. As our data had Gaussian distribution, we applied repeated measures ANOVA tests, upon which post hoc analyses were also performed. The alpha level of significance was <0.05.
Surgical procedures
The surgical approach was 25-gauge pars plana vitrectomy (5000 cuts/minute) for all patients, using the Constellation Vision System (Alcon Laboratories, Inc., Fort Worth, TX, USA) for all the operations. All patients received peribulbar block 30 min before surgery (10 ml of ropivacaine 10 mg/ml combined with hyaluronidase 300 UI). The periocular skin and inferior conjunctival fornix were prepared with 5% povidone-iodine for a minimum of 3 min. Before introducing 25G cannulas with trocars, the conjunctiva was partially moved to misalign it from the sclera, and an angled incision was performed. Three cannulas were placed at 2 and 11 o'clock for the service sclerotomies and at inferior temporal quadrant for infusion. They were arranged at 3.5 or 4.0 mm for pseudophakia or phakia, respectively. All surgeries were performed using valve trocars. All eyes underwent detachment and removal of the posterior hyaloid membrane if it was not already separated from the retinal layers below. Core vitrectomy was subsequently performed. Diluted triamcinolone acetonide was used to dye the residual vitreous and peel the epiretinal membrane, while Membrane Blue-Dual (DORC, Zuidland, the Netherlands) was applied to stain and peel the internal limiting membrane (ILM) using Resight Ò 700 Fundus Imaging Systems (Carl Zeiss Meditec) and 25G single-use micro forceps (Alcon Laboratories, Inc.). A complete vitrectomy was performed using the same fundus system. Peripheral retinal photocoagulation was performed if retinal tears, holes or rhegmatogenous degenerations were observed. Filtered air, 14% octafluoropropane, or 20% sulphur hexafluoride were applied as endotamponade, according to the surgeon's choice, the size of the macular hole, if any, and the patient's compliance. After cannula removal, sclerotomies were checked, and scleroconjunctival closures were made, if needed, by bipolar diathermy or a single suture (Vicryl 7-0; Ethicon Inc., Ethicon, Johnson & Johnson, NJ, USA). After surgery, it was recommended that patients maintain a prone position for several hours per day for the following 10 days. This surgical technique is slightly different from the one previously reported (Savastano et al. 2014) .
Results
Systemic and ophthalmic characteristics for the study cohort are summarized in Table 1 . There was no observation of pathological blood pressure, peripheral pulse at rest, oxygenation, axial length and IOP at baseline and during the follow-ups. The BCVA in the operated eyes was 0.77 AE 0.31 and 0.29 AE 0.20 logarithm of minimum angle of resolution (logMAR) at baseline and after 3 months, respectively, while the mean BCVA in the fellow eyes was 0.18 AE 0.16 logMAR at each assessment. In conclusion, the ANOVA analysis shows statistically significant differences in the CVI measurements in the VT-group eyes, both for the subgroup FTMH and the subgroup ERM after surgery, with most differences in the ERM group probably due to the higher number of samples.
Moreover, the ANOVA analysis did not show statistically significant differences in the CVI measurements in the F-group, while a statistically significant decrease was observed after surgery in the VT-group at the 3-month followup. The histogram of the CVI as a function of time after surgery is illustrated in Fig. 2 . Furthermore, no statistical differences in the CVI measurements were observed among the fellow eyes during the follow-ups (Fig. 3) . The results for each group are reported in Fig. 4 . 14-18 (mmHg) bpm = beats per minute; mm = millimetres; mmHg = millimetres of Mercury. 
Discussion
The study of the choroid has become more and more possible with the advent of new technology. Up to now, the morphological aspects of the choroid could only be assessed using indocyanine green angiography after dye injection. However, although frontal images can be obtained, choroidal details like thickness or CVI measurements are not possible with this tool. Nevertheless, newer generation OCTs are capable of visualizing, measuring, studying and following changes in the choroidal layer.
In the present study, we have investigated the status of the choroidal layer in vitreomacular diseases before and after vitrectomy through the use of CVI calculation and analysis. A validated objective method was chosen to detect the variation of choroidal circulation during the progress of epiretinal disease. Agrawal et al. used the CVI as an effective follow-up tool to show the proportionate change in choroid vasculature as a more stable and consistent biomarker of disease progression (Michalewska et al. 2015; Tan & Agrawal 2015; Agrawal et al. 2016; Michalewska et al. 2016) . Our results showed that the CVI was greater at baseline in the VT-group than in the Fgroup, although the two groups were not vastly different [63.8 (AESD: 4.05) and 61.12 (AESD: 2.3), respectively]. Additionally, in the VT-group, the CVI decreased gradually by a small quantum between the baseline and 3 months after vitrectomy with ERM removal and ILM peeling (Fig. 1) . The F-group CVI, however, remained unchanged from baseline to the 3-month follow-up. From these results, we observed that eyes affected by vitreomacular disease (ERM or macular holes associated with anterior-posterior traction) exhibited a higher CVI than was seen in the control group. Additionally, in the VT-group, eyes the CVI value decreased in the months following the vitrectomy. It seems likely that an increased thickness of the ERM or ILM creates retinal traction and distortion with choroidal involvement as well. In fact, after surgery, we observed a gradual reduction in the CVI until the thickness matched that of the fellow eye. Although the pathogenesis of the ERM is not completely understood and different hypotheses have been postulated, Kang et al., speculate that vitreomacular traction could induce thickening of the choroid (Kang et al. 2016) . Vitreomacular traction might lead to an observed increased thickness and choroidal vasculature changes through a variety of possible mechanisms. As Sebag reported, vitreomacular traction takes place in the anteroposterior direction, whereas an epiretinal membrane is generally associated with tangential traction (Sebag 2009 ). According to Newton's third law (every action has an equal and opposite reaction), the anteroposterior traction on the retina can affect the retinal pigment epithelium (RPE) and choroid, as has been described by Stefansson (Stefansson 2009 ). Another possible explanation of the choroidal changes in vitreomacular traction is the mechanical stretching of the RPE that may increase the local level of vascular endothelial growth factor (VEGF). A rise of VEGF leads to hyperpermeability of the membranes and choroidal rearrangement (Kinoshita et al. 2014) . Furthermore, chronic and low-grade inflammation may be present at the choroidal level in eyes with vitreomacular traction. The elimination of these 'traction effects' by vitrectomy might cause a marked decrease in choroidal implication in ERM and vitreomacular traction diseases. In recent studies, Kang & Koh have described decreased choroidal thickness after vitrectomy, with ILM peeling. However, they only measured choroidal thickness by manual assessment (Kang & Koh 2015) . Another factor that cannot be ignored is the vitreous oxygenation status after vitrectomy. An increased incidence of open-angle glaucoma and cataract formation have been described (Beebe et al. 2014) as well as retinal vascular changes (Iuliano et al. 2017 ) following vitrectomy. It cannot be excluded that the significant postoperative change in the oxygenation status of the vitreous chamber may be involved in the CVI change, although this should be investigated.
The present study has several limitations. The small number of eyes Fig. 3 . Histogram of repeated measures ANOVA tests and post hoc analysis. Reduction in choroidal vascularity index was not statistically significant in the F-Group at any evaluation. Fig. 4 . The correlation between the choroidal vascularity index of the VT and F-Groups (%) at baseline (on left), after 1 month (in the middle) and after 3 months (on right). Statistically, significant value was only registered at baseline. limits this study and we did not include examinations such as fluorescein angiography or indocyanine green angiography, which could have helped us to understand the status of choroidal circulation. The difference between CVI measurements between study and fellow eyes and study eyes postsurgery was not big enough to be evident clinically, and a sophisticated tool is needed in the existing OCT systems to compute this index. Our study has therefore just given us an insight into possible vascular and structural changes in the choroid, and the CVI tool needs to be further validated in larger multicenter studies before clinical application.
In conclusion, the significant reduction in CVI before and after surgery implies that the choroidal layer is affected by vitreomacular disease. The evaluation of CVI variation could be a useful follow-up tool after retinal surgery or even a predictive marker for postvitrectomy anatomical and functional results. However, more studies on this topic are required to clarify this condition and these findings.
